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Summary
The antiviral protein kinase PKR inhibits protein syn-
thesis by phosphorylating the translation initiation fac-
tor eIF2 on Ser51. Binding of double-stranded RNA to
the regulatory domains of PKR promotes dimeriza-
tion, autophosphorylation, and the functional activa-
tion of the kinase. Herein, we identify mutations that
activate PKR in the absence of its regulatory domains
and map the mutations to a recently identified dimer-
ization surface on the kinase catalytic domain. Muta-
tions of other residues on this surface block PKR au-
tophosphorylation and eIF2 phosphorylation, while
mutating Thr446, an autophosphorylation site within
the catalytic-domain activation segment, impairs eIF2
phosphorylation and viral pseudosubstrate binding.
Mutational analysis of catalytic-domain residues pref-
erentially conserved in the eIF2 kinase family identi-
fies helix G as critical for the specific recognition
of eIF2. We propose an ordered mechanism of PKR
activation in which catalytic-domain dimerization trig-
gers Thr446 autophosphorylation and specific eIF2
substrate recognition.
Introduction
The protein kinases PKR, HRI, PERK, and GCN2, which
constitute a functional family called the eIF2α protein
kinases, share a conserved kinase domain (KD); how-
ever, unique regulatory domains enable PKR to re-
spond to viral infection, HRI to heme deficiency, PERK
to endoplasmic reticulum stress, and GCN2 to amino
acid limitation (Dever, 2002). All four kinases specifically
phosphorylate Ser51 on the α subunit of the translation
initiation factor eIF2, a GTP binding protein that delivers
the initiator methionyl-tRNA to the small ribosomal sub-*Correspondence: tdever@nih.govunit in the first step of translation initiation. Phosphor-
ylation of eIF2α converts eIF2 from a substrate to an
inhibitor of its GDP-GTP exchange factor eIF2B,
thereby blocking protein synthesis (Hinnebusch, 2000).
PKR is a component in the cellular antiviral defense
mechanism. Expression of PKR is transcriptionally in-
duced by interferon, and the kinase is activated upon
binding to double-stranded RNA (dsRNA). Human PKR
consists of 551 amino acids, with the KD in the C-ter-
minal half (residues 258–551) of the protein. The N-ter-
minal regulatory region of PKR consists of two dsRNA
binding domains (dsRBDs). PKR is thought to exist in
cells in a latent monomeric state in which the dsRBDs
may autoinhibit the kinase (Langland and Jacobs, 1992;
Nanduri et al., 2000; Wu and Kaufman, 1997). Accord-
ingly, binding of dsRNA to the dsRBDs causes a confor-
mational change in PKR that disrupts this inhibitory in-
teraction.
It is well established that the dsRBDs function to pro-
mote dimerization of PKR through binding dsRNA, as
mutations that disrupt dsRNA binding interfere with di-
merization and impair PKR autophosphorylation and
substrate phosphorylation (Carpick et al., 1997; Cosen-
tino et al., 1995; Romano et al., 1995; Zhang et al.,
2001). Studies demonstrating that heterologous dimer-
ization domains functionally substitute for the dsRBDs
in PKR underscore the importance of dimerization for
PKR function. Whereas the PKR-KD inefficiently phos-
phorylates eIF2α in vitro or when expressed in yeast or
mammalian cells, fusion of the heterologous dimeriza-
tion domain from glutathione S-transferase (GST) to the
PKR-KD restores eIF2α phosphorylation both in vitro
and in vivo (Dar and Sicheri, 2002; Ung et al., 2001).
A large number of autophosphorylation sites have
been reported on PKR; however, the most compelling
evidence for functional relevance has been reported for
the KD activation-segment residue Thr446. Autophos-
phorylation on this site has been demonstrated using
mass spectrometry analysis of PKR expressed in yeast
and by using phospho-Thr446-specific antibodies to
detect native PKR in mammalian cells treated with
dsRNA (Romano et al., 1998; Zhang et al., 2001). High-
level expression of human PKR, but not catalytically
dead PKR-K296R, is lethal in yeast due to severe inhibi-
tion of translation initiation, and this toxicity is suppressed
in cells expressing nonphosphorylatable eIF2α-S51A in
which the Ser51 phosphorylation site is substituted by
Ala (Chong et al., 1992; Dever et al., 1993). Similarly,
substitution of Ala for Thr446 in PKR significantly weak-
ens PKR toxicity in yeast and impairs autophosphoryla-
tion and eIF2α phosphorylation by immunopurified PKR
(Romano et al., 1998).
PKR has been implicated in cellular growth control
and a number of cell signaling pathways; however, it
is unclear whether these PKR activities are mediated
through phosphorylation of eIF2α or additional sub-
strates. The vaccinia virus K3L protein is a pseudosub-
strate inhibitor of PKR. K3L and eIF2α share a β barrel
fold originally identified in the ribosomal protein S1 (Dar
and Sicheri, 2002; Dhaliwal and Hoffman, 2003; Nonato
Cell
902Figure 1. Identification of Mutations that Activate the PKR Catalytic Domain
(A) Activating mutations enhance PKR toxicity in yeast. Plasmids expressing full-length PKR1–551; the KD only (PKR258–551); the KD fused to
GST (GST-PKR258–551); the KD containing the mutations L315F, Y404H, or K429R, as indicated; or empty vector were introduced into yeast
strains H2557 (eIF2α) and J223 (eIF2α-S51A), as indicated. Transformants were grown to saturation, and 4 l of serial dilutions (of OD600 =
1.0, 0.1, 0.01) were spotted on minimal SGal medium and incubated 3 days at 30°C.
(B) Immunoblot analysis of PKR and eIF2α phosphorylation. WCEs were prepared from yeast transformants described in (A) and then sub-
jected to SDS-PAGE followed by immunoblot analysis using phosphospecific antibodies against Ser51 in eIF2α (top panel) or Thr446 in PKR
(bottom panel). The membrane was then stripped and probed using polyclonal antisera against yeast eIF2α (second panel) or poly-His tag
to detect PKR258–551 (third panel), as indicated. The relative level of eIF2α phosphorylation as determined by quantitative densitometry
is indicated.
(C) In vitro protein-kinase assays. wt PKR or the indicated PKR258–551 mutants were purified from yeast and mixed with [γ-33P]ATP and
recombinant GST-eIF2α (top two panels) or histone H2A (third and fourth panels). Kinase reactions were resolved on SDS-PAGE, stained with
Coomassie blue (second and fourth panels), and subjected to autoradiography to visualize phosphorylated eIF2α (eIF2αwP, top panel) or
phosphorylated H2A (H2AwP, third panel). The relative level of eIF2α phosphorylation as determined by quantitative densitometry is indicated.
(Bottom panel) Equimolar amounts of the PKR stocks used for the kinase assays were resolved on SDS-PAGE and stained with Coomassie
blue.
(D) Surface representation of the PKR dimer. (Top) Lateral perspective of the PKR catalytic-domain dimer. The left protomer is colored purple
and light green, and the right protomer is colored gray and dark green for N and C lobes, respectively. (Bottom) The catalytic-domain dimer
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903et al., 2002). The PKR recognition determinants on K3L
and eIF2α have been mapped to a conserved surface
remote from the Ser51 phosphorylation site in eIF2α.
Mutations of residues on this conserved surface of K3L
disrupt binding and block inhibition of PKR (Dar and
Sicheri, 2002; Kawagishi-Kobayashi et al., 1997). Like-
wise, mutations of the corresponding residues in eIF2α
prevent Ser51 phosphorylation by both PKR and GCN2
(Dey et al., 2005). The importance of this conserved
surface on eIF2α for PKR recognition, combined with
the fact that PKR inefficiently phosphorylates peptides
derived from the eIF2α sequences flanking Ser51 (Mel-
lor and Proud, 1991), led to a model in which the PKR-
KD binds tightly to the conserved surface on eIF2α to
position the Ser51 phosphoacceptor toward the kinase
active site (Dey et al., 2005). This model suggests that
PKR elements remote from the active site will play criti-
cal roles in eIF2α recognition. However, residues in PKR
that mediate eIF2α-specific substrate recognition have
not been identified.
To gain additional insights into the mechanism of
PKR activation and substrate recognition, and to test
predictions based on our recently determined structure
of PKR bound to eIF2α (Dar et al., 2005), we conducted
a mutational and biochemical analysis of PKR. Our re-
sults define an ordered pathway of PKR activation in
which KD dimerization is required for activation-seg-
ment autophosphorylation, which in turn is essential for
specific eIF2α substrate recognition. Our results also
reveal a link between Thr446 activation-segment phos-
phorylation and both dimerization and the ability to rec-
ognize eIF2α and K3L.
Results
Isolation of Mutations in PKR that Activate
the Catalytic Domain in the Absence
of an Extrinsic Dimerization Domain
High-level expression of full-length human PKR (resi-
dues 1–551) from a galactose-inducible promoter inhib-
ited yeast cell growth (Figure 1A, row 2: PKR1–551) due
to high-level eIF2α phosphorylation (Figure 1B, lane 2).
In contrast to full-length PKR where the N-terminal
dsRBDs promote KD (residues 258–551) dimerization
through the ability to bind dsRNA in yeast, expression
of the isolated PKR-KD in yeast did not inhibit cell
growth or enhance eIF2α phosphorylation (Figure 1A,
row 3 and Figure 1B, top panel, lane 3: PKR258–551).
Likewise, in vitro, the isolated PKR-KD inefficiently
phosphorylated recombinant eIF2α on Ser51 (Figure
1C, top panel, lane 2). Fusing the constitutive dimer
GST to the PKR-KD inhibited yeast cell growth (Figurehas been separated and rotated 90° about the vertical axis in opposite directions, as indicated, to reveal the interaction surfaces. Dimer-
interface residues are highlighted in yellow. The intermolecular salt bridge between Arg262 and Asp266 and the H bond triad among Tyr293,
Asp289, and Tyr323 are labeled. For clarity, the residues that form the identical reciprocal interactions have not been highlighted. Sites of
mutations identified to activate the PKR catalytic domain in the absence of an extrinsic dimerization domain are colored red.
(E) Y404H mutation enhances PKR-KD dimerization. Gel filtration elution profiles from the application of wt and mutant PKR-KD on a Super-
dex-75 gel filtration column (24 ml bed volume) are shown. The column was pre-equilibrated in 150 mM NaCl, 10 mM HEPES (pH 7.5), and 3
mM DTT, and chromatograms correspond to the injection of 1.5–3.0 mg of protein. Molecular-weight values were determined using equilibrium
sedimentation analytical ultracentrifugation (AUC, see Experimental Procedures). Global self-association analyses of the samples were per-
formed separately to derive the apparent molecular weights, and the stoichiometry was inferred from the theoretical molecular weight (32,660
Da based on protein sequence) of the PKR-KD monomer.
KD with itself in yeast two-hybrid assays, the Y404H1A, row 4: GST-PKR258–551). To gain further insights into
the role of dimerization for PKR activation, we randomly
mutated the PKR-KD and screened for mutants that
were toxic in yeast in the absence of an extrinsic dimer-
ization domain. As detailed in the Experimental Pro-
cedures, three mutants were isolated: PKR258–551-L315F,
PKR258–551-Y404H, and PKR258–551-K429R (Figure 1A,
rows 5–7).
The toxic phenotypes observed when expressing
these PKR mutants in yeast could be due to enhanced
eIF2α phosphorylation or to promiscuous phosphoryla-
tion impairing the function of other cellular proteins crit-
ical for growth. Western analyses revealed enhanced
Ser51 phosphorylation in the strains expressing full-
length PKR or the PKR258–551 mutants (Figure 1B, top
panel, lanes 2, 4, and 5). In addition, whereas PKR258–551
inefficiently phosphorylated eIF2α and the nonspecific
substrate histone H2A in vitro, the Y404H and K429R
mutations significantly enhanced kinase activity (Figure
1C, third panel). Importantly, the toxic phenotypes as-
sociated with expression of these PKR mutants as well
as GST-PKR and wild-type (wt) full-length PKR were
suppressed in a yeast strain expressing nonphosphory-
latable eIF2α-S51A (Figure 1A, rows 5–7), indicating
that promiscuous phosphorylation of other proteins did
not significantly contribute to the impaired growth of
the strains expressing the PKR mutants. Taken to-
gether, these results demonstrate that the Y404H and
K429R mutations bypass the requirement for an extrin-
sic dimerization domain and enhance the eIF2α kinase
activity of the PKR-KD.
In the crystal structures of PKR bound to eIF2α, it is
noteworthy that a large conserved surface of the pro-
tein-kinase N-terminal lobe is buried in an intermolecu-
lar dimer interface. Strikingly, all three PKR mutations
isolated to activate PKR258–551 map directly to this di-
mer interface (Figure 1D). Based on this location, we
hypothesized that the PKR mutations enhance dimer-
ization of the isolated PKR-KD and thereby bypass the
requirement for an extrinsic dimerization domain or
dispose with the need for dimerization altogether. To
investigate this issue further, we used gel filtration
chromatography and analytical ultracentrifugation to
analyze PKR-KD dimerization. Whereas wt PKR-KD be-
haved as a dimer in these assays, catalytically dead
KD-K296R was clearly monomeric (Figure 1E). Interest-
ingly, the PKR-KD-K296R,Y404H double mutant was in
a monomer-dimer equilibrium in these assays, with an
average molecular weight w1.5 times the size of a
PKR-KD monomer (Figure 1E). In addition, whereas the
K296R mutation abolished the interaction of the PKR-
Cell
904and K429R mutations enhanced the PKR-KD yeast
two-hybrid interaction (see below). Thus, we conclude
that the PKR-activating mutations promote catalytic-
domain dimerization and bypass the normal require-
ment for dimerization mediated by the PKR dsRBDs.
Mutations in the PKR Dimer Interface Impair Kinase
Autophosphorylation and Substrate Phosphorylation
The structural analysis of PKR (Dar et al., 2005) iden-
tified two prominent sets of intermolecular interactions
at the dimer interface involving residues conserved
among all eIF2α kinases. A salt bridge was evident be-
tween Arg262 in one PKR protomer and Asp266 in the
second protomer, while Asp289 and Tyr293 in one pro-
tomer and Tyr323 in the second protomer form a hy-
drogen-bonding (H bond) triad (Figure 1D). To test the
importance of these interactions, we mutated these
residues in full-length PKR and examined PKR toxicity
in a gcn3-102 yeast strain containing a mutation in the
α subunit of eIF2B that partially desensitizes eIF2B to
inhibition by phosphorylated eIF2 (Dever et al., 1993).
Whereas expression of full-length PKR is lethal in wt
yeast (Figure 1A, row 2), a slow-growth phenotype is
observed in the gcn3-102 strain (Figure 2A, row 1) (see
also Figure S2 in the Supplemental Data available with
this article online).
To test the importance of the predicted salt bridge
between residues Arg262 and Asp266, these residues
were mutated individually and together to Asp and Arg,
respectively. Single mutations of both R262D and
D266R, which are predicted to disrupt the salt bridge,
suppressed PKR toxicity and lowered eIF2α phosphor-
ylation in yeast (Figure 2A, rows 3–4 and Figure 2B,
third panel, lanes 3 and 4), though not as completely as
the kinase-dead K296R mutation (Figures 2A and 2B,
lane 2). Importantly, combining the two mutations in
PKR-R262D,D266R, which is predicted to re-establish
the salt bridge interaction with opposite polarity, re-
stored PKR toxicity and eIF2α phosphorylation in yeast
(Figure 2A, row 5 and Figure 2B, third panel, lane 5).
Autophosphorylation of PKR on Thr446 in the activa-
tion segment has been correlated with PKR activity
(Romano et al., 1998; Zhang et al., 2001), and, in the
PKR crystal structures, this is the only residue ob-
served to be stoichiometrically phosphorylated (Dar et
al., 2005 [this issue of Cell]). Whereas wt PKR ex-
pressed in yeast was readily detected using phospho-
Thr446 antibodies, catalytically dead PKR-K296R was
not detected (Figure 2B, top panel, lanes 1 and 2), dem-
onstrating that Thr446 phosphorylation is mediated by
PKR and not by an endogenous yeast kinase. The
D266R and R262D mutations either partially or almost
completely eliminated, respectively, Thr446 phosphory-
lation (Figure 2B, top panel, lanes 3 and 4). However,
the mutations did not impair PKR expression (Figure
2B, second panel). Consistent with the notion that PKR
dimerization is required for autophosphorylation, the
R262D,D266R double mutation, which is predicted to
re-establish the salt bridge, as well as the K429R and
Y404H mutations, which activated PKR258–551 in the ab-
sence of an extrinsic dimerization domain, restored
PKR phosphorylation on Thr446 (Figure 2B, lane 5 and




























































aNext we examined the importance of the predicted H
ond triad composed of residues Asp289, Tyr293, and
yr323 by mutating each residue to Ala. The D289A and
323A mutations significantly reduced PKR toxicity in
east (Figure 2A, rows 6 and 8) and either lowered or
ractically eliminated PKR autophosphorylation and
IF2α phosphorylation, respectively (Figure 2B, lanes 6
nd 8 and Figure S4C). Combining the D289A and
293A mutations resulted in a more significant im-
airment of PKR function in yeast (Figures 2A and 2B,
ane 9), and, like catalytically dead PKR-K296R, PKR-
289A,Y293A failed to autophosphorylate or phos-
horylate either specific (eIF2α) or nonspecific (histone
2A) substrates in vitro (Figure 2C, lane 4 and Figure
D, lane 3). Trp327, which forms a close van der Waals
ontact with the aliphatic portion of the Arg262 side
hain within the salt bridge, is perfectly conserved
mong all eIF2α kinases (Figure S1). Whereas substitu-
ion of Trp327 by an aromatic residue retained PKR tox-
city in yeast and PKR kinase activity in vitro (Figures
A and 2B, row 10 and Figure 2C, lane 5), all other sub-
titutions including Ala and Leu abolished PKR toxicity
Figure 2A, rows 10–12 and Figure S5) and impaired
KR autophosphorylation and eIF2α phosphorylation
oth in vivo (Figure 2B, lanes 11 and 12) and in vitro
Figure 2C, lane 6).
Having identified the Y404H and K429R mutations as
ctivating PKR lacking an extrinsic dimerization do-
ain (Figure 1A), we asked if these mutations could
ypass the requirement for the salt bridge between
rg262 and Asp266 in PKR. Whereas the Y404H and
429R mutations did not hyperactivate full-length PKR
which is already very active and toxic, Figure S4A),
ntroduction of these dimer bypass mutations into
KR-D266R restored PKR toxicity (Figure 3A, rows 4–6
nd Figure S4B), PKR autophosphorylation, and eIF2α
hosphorylation in yeast (Figure 3B, lanes 4–6). To-
ether with the results on the Trp327 and H bond-triad
utagenesis, the ability of the Y404H and K429R di-
er-interface mutations to compensate for the lost
alt-bridge interaction between Arg262 and Asp266
rovides strong evidence that a proper PKR dimer con-
iguration is required for kinase autophosphorylation
nd efficient substrate phosphorylation.
As described earlier, the PKR-KD (residues 238–551)
eadily interacts with itself in yeast two-hybrid assays
Figure 3C), consistent with our analytical ultracentrifu-
ation studies (Figure 1E). The R262D, D266R, and
323A single mutations as well as the D289A,Y293A
ouble mutation blocked the PKR-KD two-hybrid in-
eraction (Figure 3C). In contrast, engineering the com-
lementing R262D and D266R mutations into the two-
ybrid activation-domain and binding-domain fusions,
espectively, restored the two-hybrid interaction. These
ata provide direct support for the idea that the salt
ridge and H bond-triad interactions are critical for
KR-KD dimerization and the promotion of activation-
egment autophosphorylation.
KR Autophosphorylation on the Activation-
egment Residue Thr446 Enhances
pecific eIF2 Recognition
reviously it was reported that mutation of the Thr446
utophosphorylation site significantly impaired PKR
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905Figure 2. Mutations in the PKR Dimer Interface Impair Autophosphorylation and eIF2α Phosphorylation
(A) Mutations in the dimer interface reduce PKR toxicity in yeast. Plasmids expressing wt or the indicated PKR1–551 mutants were introduced
into strains H17 (eIF2α) and J82 (eIF2α-S51A). Transformants were grown and serial dilutions were spotted as described in Figure 1A.
(B) Mutations at the PKR dimer interface impair autophosphorylation and eIF2α phosphorylation in vivo. WCEs were prepared from H17
transformants described in (A) and then subjected to immunoblot analysis using antibodies to detect phospho-Ser51 in eIF2α (third panel),
total eIF2α (bottom panel), phospho-Thr446 in PKR (top panel), and total PKR (second panel).
(C and D) Mutations at the PKR dimer interface impair autophosphorylation and eIF2α and histone phosphorylation in vitro. wt or the indicated
PKR mutants were purified from yeast and mixed with [γ-33P]ATP and recombinant GST-eIF2α or GST-eIF2α-S51A (C) or recombinant H2A
(D). Kinase reactions were resolved on SDS-PAGE, stained with Coomassie blue (lower panels), and subjected to autoradiography to visualize
phosphorylated PKR (PKRwP), eIF2α (eIF2αwP), and histone H2A (H2AwP).function in yeast (Romano et al., 1998; Zhang et al.,
2001). Using the more sensitive eIF2Bα mutant yeast
strain, we found that PKR-T446A, like catalytically dead
PKR-K296R, did not inhibit yeast cell growth (Figure
4A). Consistent with this lack of growth phenotype,
practically no eIF2α Ser51 phosphorylation was de-
tected in strains expressing PKR-T446A (Figure 4B),
and, in in vitro kinase assays, PKR-T446A was defec-
tive for incorporation of phosphate into either itself or
eIF2α (Figure 4C, lanes 3–5).
In addition, kinetic analyses revealed that wt PKR
was over 40-fold more active at phosphorylating the
nonspecific substrate histone H2A than PKR-T446Awas (Figure 4D), though the KM for the reaction was
nearly identical for the two kinases (Figure 4D). These
results, combined with the fact that the T446A mutation
impaired eIF2α phosphorylation to a greater extent
than it impaired histone phosphorylation, indicate that
PKR autophosphorylation on Thr446 is important for
PKR catalytic efficiency and specific (eIF2α) substrate
recognition but not for recognition of nonspecific sub-
strates.
To gain further insight into the importance of PKR
autophosphorylation for specific substrate recognition,
we used surface plasmon resonance (SPR) to examine
the binding of wt and mutant forms of PKR to the vac-
Cell
906Figure 3. Functional Complementation of a PKR Dimer-Interface Mutation by Mutations that Activate the PKR Catalytic Domain
(A) Combining PKR-activating mutations with the dimer-interface mutation restores PKR toxicity in yeast. Transformants of strain H17 express-
ing the indicated PKR mutants were grown and serial dilutions were spotted as described in Figure 1A.
(B) PKR-activating mutations restore autophosphorylation and eIF2α phosphorylation in yeast. WCEs were prepared from transformants
described in (A) and analyzed as described in Figure 2B.
(C) PKR dimer-interface mutations impair KD interaction in the yeast two-hybrid assay. Plasmids expressing the indicated wt or mutant forms
of PKR238–551 fused to either the GAL4 DNA binding domain (BD-fusion, pGBT10 derivatives) or the GAL4 transcriptional activation domain
(AD-fusion, pGAD425 derivatives) (Tan et al., 1998) were introduced into yeast strain Y190. Serial dilutions of transformants were spotted on
synthetic medium containing 50 mM 3-aminotriazole (3-AT) and incubated 5 days at 30°C. Growth of transformants, indicating the degree of
two-hybrid interaction, was scored and ranked from − (no growth, poor interaction) to ++++ (good growth, strong interaction).cinia virus K3L protein, a pseudosubstrate inhibitor of
PKR and molecular mimic of eIF2α. wt and T446A and
K296R mutant versions of GST-PKR-KD and PKR-KD
were tested for binding to immobilized K3L protein.
Both dimeric GST-PKR-KD and the isolated PKR-KD
liberated from GST by cleavage with TEV protease
bound to immobilized K3L (Figure 4E, upper panels).
However, the binding reactions displayed different ki-
netics (sigmoidal versus nonsigmoidal), with GST-PKR-
KD binding well to K3L even at low kinase concentra-
tions where the isolated PKR-KD bound poorly (Figure
4F). However, binding of isolated PKR-KD to K3L was
recovered at higher kinase concentrations (Figure 4F).
Interestingly, global fitting of the association and disso-
ciation phases of the GST-PKR-KD and PKR-KD bind-
ing kinetics agrees best with a bivalent analyte model,
suggesting that both GST-PKR-KD and PKR-KD bind
K3L as preformed dimers (Figure S6B). This result is
consistent with our analytical ultracentrifugation studies,
which show that isolated wt PKR-KD is a dimer (Figure




















sPKR-KD-T446A and PKR-KD-K296R in both the pres-nce and absence of the GST dimerization domain
ailed to show detectable binding to the K3L protein
Figure 4E and Figure S6A). All four forms of the latter
roteins are free of phosphate on Thr446 either by vir-
ue of the fact that the kinase is catalytically dead or the
act that the site is removed. Interestingly, the analytical
ltracentrifugation studies in Figure 1E, as well as the
wo-hybrid experiments in Figure 3C, revealed that the
296R mutation that abolished PKR autophosphoryla-
ion likewise blocked KD dimerization. These results,
ombined with the results of the dimer-interface muta-
ions (Figure 2) and SPR experiments, indicate that PKR
imerization and activation-segment phosphorylation
n Thr446 together strongly influence the specific rec-
gnition of eIF2α substrate and K3L pseudosubstrate.
onserved Residues on Helix G are Important
eterminants for Specific Substrate
ecognition by the eIF2 Kinases
omparison of amino acid sequence alignments of a
ampling of eIF2α and unrelated protein-kinase do-mains identified 17 residues that were preferentially
Mechanism of PKR Catalytic Activation
907Figure 4. PKR Autophosphorylation on Activation-Loop Residue Thr446 Is Critical for Kinase Activity and eIF2α Recognition
(A) Substitution of Ala for Thr446 reduces PKR toxicity in yeast. Transformants of strain H17 expressing the indicated PKR mutants were
grown and serial dilutions were spotted as described in Figure 1A.
(B) PKR-T446A mutation impairs eIF2α phosphorylation in yeast. WCEs were prepared from transformants described in (A), and then 1 g, 5 g,
and 10 g were subjected to immunoblot analysis using antibodies to detect phospho-Ser51 in eIF2α (top panel) and total eIF2α (bottom panel).
(C) PKR-T446A mutation impairs PKR autophosphorylation and eIF2α phosphorylation in vitro. wt or the indicated PKR mutants were purified
from yeast and 0.2 M PKR or PKR-K296R, and 0.2 M, 1 M, or 2 M PKR-T446A were mixed with [γ-33P]ATP and recombinant GST-eIF2α.
Kinase reactions were resolved on SDS-PAGE, stained with Coomassie blue (lower panel), and subjected to autoradiography to visualize
phosphorylated PKR (PKRwP) and eIF2α (eIF2αwP).
(D) Kinetic analyses of histone H2A phosphorylation by PKR and PKR-T446A. In vitro kinase assays containing 5 nM PKR or PKR-T446A and
the indicated concentrations of recombinant histone H2A were resolved by SDS-PAGE. The relative incorporation of phosphate into H2A was
determined by phosphorimage analysis, and the data are presented using arbitrary units.
(E) Effect of PKR dimerization and Thr446 activation-segment phosphorylation on binding to K3L. Isolated PKR-KD or GST fused PKR-KD
(GST-PKR-KD), with or without Thr446 phosphorylation (T446A), were applied to a K3L amine-coupled CM4 chip at 0.75, 1.5, 3.0 and 6.0 M
concentrations (pink, blue, green, and red curves in each sensorgram, respectively), as described in Supplemental Data.
(F) Binding between K3L and phospho-PKR-KD, but not phospho-GST-PKR-KD, is sigmoidal with respect to protein-kinase concentration.
Response units at equilibrium (RUeq) from the application of phospho-GST-PKR-KD and phospho-PKR-KD to K3L immobilized on CM4 (left)
and at higher density on CM5 (right) chips are plotted as a function of protein-kinase concentration. RUeq is derived from the steady-state
plateau of the association phases of the sensorgrams shown in (E).
Cell
908conserved among the family of eIF2α protein kinases
(Figure S1 and Dar et al., 2005). We reasoned that these
conserved residues play roles in eIF2α kinase-specific
functions such as kinase-domain dimerization and
eIF2α recognition. To identify the PKR residues that
mediate specific eIF2α recognition, we mutated each
of the preferentially conserved residues and screened
for loss of PKR toxicity in yeast. In addition to the di-
mer-interface residues and the Thr446 autophosphory-
lation site, mutations at residues Thr487 and Phe495
eliminated PKR toxicity in yeast (Figure 5A and Figures
S2 and S3). Interestingly, both Thr487 and Phe495 re-
side on helix αG of the KD (Figure 6A). As revealed in
the PKR•eIF2α crystal structure, helix αG adopts a
novel conformation in PKR relative to all other protein-
kinase structures determined to date (see Figure 4A in
Dar et al., 2005) and composes a major portion of the
binding surface with eIF2α (Figure 6A).
Substitution of Lys, Ala, or Asp for Thr487 eliminated
eIF2α phosphorylation and abolished PKR toxicity in
yeast (Figures 5A and 5B). Importantly, these mutations
did not impair PKR expression or autophosphorylation
on Thr446 in vivo (Figure 5B, top two panels). Further
mutational analyses of Thr487 indicated that only the
conservative substitution of Ser retained normal PKR
activity (Figure S7A). Consistent with the in vivo results,
PKR-T487K, PKR-T487A, and PKR-T487D were se-
verely impaired for eIF2α phosphorylation in vitro, yet
the kinases were efficiently autophosphorylated (Figure
5C and Figure S7B). As noted previously, PKR phos-
phorylates intact eIF2α w1000-fold more efficiently
than an eIF2α peptide substrate (Mellor and Proud,
1991; M.D., unpublished data), indicating that eIF2α
recognition is driven by contacts remote from the phos-
phorylation site. The eIF2α model peptide and histone
H2A likely only contact the phosphoacceptor binding
site in PKR, and, thus, phosphorylation of these model
substrates is a good indicator of intrinsic PKR catalytic
efficiency. All three Thr487 mutants phosphorylated a
peptide containing Ser51 but not the same peptide
containing the S51A mutation (Figure 6B, top and mid-
dle panels and Figure S8). Likewise, all three PKR
Thr487 mutants retained histone phosphorylation activ-
ity (Figure 6B, bottom panel and Figure S8A). Kinetic
analyses revealed that the PKR-T487A and PKR-T487D
mutations did not significantly impact the KM for pep-
tide or histone phosphorylation (Figures 6C and 6D).
Thus, mutation of residue Thr487 does not impair gen-
eral PKR kinase activity but rather specifically impairs
phosphorylation of intact eIF2α. Based on these find-
ings, we conclude that Thr487 is a key determinant of
eIF2α-specific substrate recognition.
Like the Thr487 mutations, substitution of Arg, Ile, or
Pro for Phe495 eliminated eIF2α phosphorylation and
PKR toxicity in yeast (Figures 5A and 5B) but did not
affect PKR expression or autophosphorylation on
Thr446 (Figure 5B). Consistent with these in vivo re-
sults, PKR-F495P failed to phosphorylate eIF2α in vitro
(Figure 5C) but retained eIF2α peptide and at least
some histone phosphorylation activity (Figure 6B).
Taken together, we conclude that residues Thr487 and
Phe495 in helix αG play critical roles in the specific
recognition of eIF2α by PKR.




























































tRNA translation and growth of yeast cells under
mino acid starvation conditions imposed by 3-AT (Hin-
ebusch, 2000). Whereas wt yeast grew on medium
ontaining 3-AT, gcn2D cells expressing the kinase-
ead subdomain II mutant GCN2-K628R failed to grow
Figure 5D, row 2). Substitution of Ala, Lys, or Asp for
CN2 residue Thr924, corresponding to PKR residue
hr487 (Figure S1), either partially or completely inhib-
ted eIF2α Ser51 phosphorylation (Figure 5E, middle
anel, lanes 3–5) and yeast cell growth in the presence
f 3-AT (Figure 5D, rows 3–5). Importantly, the muta-
ions did not impair GCN2 expression in yeast (Figure
E, top panel) but blocked the ability of immunoprecipi-
ated GCN2 to phosphorylate eIF2α in vitro (Figure 5F).
n these in vitro kinase assays, it is noteworthy that the
utations (other than the kinase-dead gcn2-K628R
utation) did not impair GCN2 autophosphorylation
Figure 5F). Thus, mutation of the corresponding Thr in
elix αG of both PKR and GCN2 severely impaired
IF2α phosphorylation.
iscussion
n mammalian cells, PKR is thought to exist in a latent
orm that is activated by binding to dsRNA generated
uring viral infection. Based on the results of the muta-
ional studies reported here, previous mutational studies
n PKR, and the X-ray crystal structure of a PKR•eIF2α
omplex (Dar et al., 2005), we propose a three-step
athway for PKR activation in which catalytic-domain
imerization facilitates activation-segment autophos-
horylation, which in turn promotes the specific rec-
gnition of eIF2α substrate (Figure 7).
ole of Dimerization in PKR Catalytic Activation
inding of dsRNA to the dsRBDs in the N-terminal reg-
latory region of PKR promotes dimerization of PKR
nd triggers autophosphorylation (Zhang et al., 2001).
hile PKR dimerization could simply increase the likeli-
ood of autophosphorylation by bringing two mole-
ules of PKR in close proximity (Lemaire et al., 2005),
ur data reveal the importance of a specific dimer ori-
ntation between the catalytic domains of two PKR
olecules. Specifically, mutations that disrupt the salt
ridge between Arg262 and Asp266 or the H bond triad
etween Asp289, Tyr293, and Tyr323 within the PKR
imer interface perturb kinase function both in yeast
Figure 2) and in mammalian cells (Figure S9) despite
he presence of intact dsRBDs in the N-terminal regula-
ory region of PKR. As the N terminus of PKR dimerizes
n the absence of the KD (Carpick et al., 1997; Cosen-
ino et al., 1995; Ortega et al., 1996), it is reasonable to
ssume that disruption of the salt bridge or H bond
riad does not impair the ability of full length PKR to
imerize. Thus, bringing two KDs in close proximity is
ot sufficient to promote catalytic activation of PKR.
ather, we propose that the loss of kinase function re-
ulting from these mutations reveals the critical impor-
ance of the precise N lobe-to-N lobe dimer contact
evealed in the PKR crystal structure. This notion is in
ccordance with previous genetic analyses revealing
ominant-negative impacts of PKR-KD internal dele-
ion mutants (Romano et al., 1995). Of note, a mutation
Mechanism of PKR Catalytic Activation
909Figure 5. Conserved Thr in Helix αG of the Kinase Catalytic Domain Is Critical for eIF2α Recognition by PKR and GCN2
(A) Mutations at Thr487 and Phe495 reduce PKR toxicity in yeast. Plasmids expressing wt or the indicated PKR mutants were introduced into
strains H17 (eIF2α) and J82 (eIF2α-S51A). Transformants were grown and serial dilutions were spotted as described in Figure 1A.
(B) Mutations at Thr487 and Phe495 impair eIF2α phosphorylation but not PKR autophosphorylation in yeast. WCEs of transformants de-
scribed in (A) were prepared and analyzed as described in Figure 2B.
(C) Mutations at Thr487 and Phe495 impair eIF2α phosphorylation but not PKR autophosphorylation in vitro. wt or the indicated PKR mutants
were purified from yeast and mixed with [γ-33P]ATP and recombinant GST-eIF2α or GST-eIF2α-S51A. Kinase-reaction products were resolved
on SDS-PAGE, stained with Coomassie blue (lower panel), and subjected to autoradiography to visualize phosphorylated PKR (PKRwP) and
eIF2α (eIF2αwP).
(D) Analysis of substitutions at Thr924 on GCN2 function in vivo. Transformants of yeast strain H1894 expressing GCN2 or the indicated
GCN2 mutants were grown to saturation, and 4 l of serial dilutions (of OD600 = 1.0, 0.1, 0.01) were spotted on minimal SD medium or medium
containing 3-AT. Plates were incubated 3 days at 30°C.
(E) Mutations at GCN2 residue Thr924 impair eIF2α phosphorylation in vivo. Transformants described in (D) were grown in SD medium and
then supplemented with 10 mM 3-AT 1 hr prior to harvest. WCEs were subjected to immunoblot analysis to detect GCN2 (top panel),
phosphorylated eIF2α (second panel), and total eIF2α (bottom panel).
(F) Thr924 mutations impair eIF2α phosphorylation but not GCN2 autophosphorylation in vitro. wt or the indicated GCN2 mutants were
purified from yeast and mixed with [γ-33P]ATP and recombinant yeast eIF2α1–200. Kinase-reaction products were resolved on SDS-PAGE,
stained with Coomassie blue (middle panel; positions of GCN2 and eIF2α are indicated), and subjected to autoradiography (top panel) to
visualize phosphorylated GCN2 (GCN2wP) and eIF2α (eIF2αwP). (Bottom panel) Equimolar amounts of the GCN2 stocks used for the kinase
assays were resolved on SDS-PAGE and stained with Coomassie blue.
Cell
910Figure 6. Mutations at the Conserved Thr in Helix αG of the Catalytic Domain Do Not Impair PKR Histone H2A or Peptide Phosphorylation
Activities
(A) Ribbons representation of the PKR-eIF2α binding interface. eIF2α is shown in purple, while PKR, together with its transparent surface, is
shown in green (C lobe), orange (activation segment), and blue (N lobe). Helix αG and residues tested for function are shown in red. Note:
Glu490 mutations had no affect on PKR activity (see Figures S2 and S3).
(B) Peptide and histone phosphorylation assays. wt or the indicated PKR mutants were mixed with [γ-33P]ATP and an eIF2α45–56 peptide
(Pept-S51), the same peptide with Ser51 mutated to Ala (Pept-S51A), or recombinant H2A. Kinase reactions were resolved on Tricin peptide
gels (peptide assays) or SDS-PAGE (H2A assays), stained with Coomassie blue (lower panels), and subjected to autoradiography to visualize
phosphorylated peptide (Pept-S51wP) and histone H2A (H2AwP).
(C and D) Kinetic analyses of peptide (C) and histone H2A (D) phosphorylation by PKR, PKR-T487A, and PKR-T487D. In vitro kinase assays
containing 5 nM PKR, PKR-T487A, or PKR-T487D and the indicated concentrations of eIF2α45–56 peptide (Pept-S51, [C]) or recombinant
histone H2A (D) were resolved by SDS-PAGE. The relative incorporation of phosphate into H2A was determined by phosphorimage analysis,
and the data are presented using arbitrary units. Inset: KM measurements were performed using KaleidaGraph.substituting Gln for Arg587 in PERK, corresponding to
Arg262 in PKR, was identified in a patient with Wolcott-
Rallison syndrome, a rare form of diabetes (Delepine et
al., 2000). Based on our studies of PKR, this mutation
is likely to inactivate PERK by eliminating an intermo-
lecular salt bridge and disrupting proper catalytic-
domain dimerization and kinase activation.
Role of Thr446 Activation-Segment
Phosphorylation on PKR Function
Thr446 within the activation segment of PKR was pre-
viously identified as a functionally relevant autophos-
phorylation site (Romano et al., 1998), and, while addi-
tional sites have been identified in the N-terminal
regulatory region and the KD of PKR, mutation of these
















lZhang et al., 2001). Mutation of conserved dimer-inter-
ace residues blocked Thr446 phosphorylation (Figure
B), and the Y404H and K429R activating mutations
timulated KD phosphorylation on Thr446 (Figure 1B),
ndicating that only a specific dimeric orientation of the
atalytic domain is competent for transferring phos-
hate onto Thr446 (Figure 7). As shown here, the T446A
utation severely impaired the nonspecific phosphory-
ation of histones and nearly eliminated eIF2α phos-
horylation. In addition, both the selective mutation of
hr446 to Ala and the K296R mutation that blocks all
KR autophosphorylation eliminated any detectable
inding of GST-PKR-KD and the isolated PKR-KD to
3L (Figure 4E). Interestingly, the K296R mutation also
mpaired PKR-KD dimerization, indicating that cata-
ytic-domain dimerization promotes activation-segment
Mechanism of PKR Catalytic Activation
911Figure 7. Model of PKR Activation Pathway: Dimerization-Dependent Autophosphorylation and eIF2α Substrate Recognition
In its monomeric state, PKR (KD N lobe is lime and C lobe is brown) is inactive and possibly autoinhibited by the N-terminal regulatory region
(R, orange) containing two dsRBDs. (1) dsRNA (wavy lines) binding to the dsRBDs relieves autoinhibition and promotes catalytic-domain
dimerization. (2) Catalytic-domain dimerization promotes autophosphorylation on activation-segment (purple) residue Thr446 (P). Three modes
of autophosphorylation (depicted in blue) are possible. Phosphorylation of a PKR monomer in cis is unlikely because autophosphorylation
displays second-order kinetics with respect to PKR concentration (Kostura and Mathews, 1989; Lemaire et al., 2005) and wt PKR phosphory-
lates a catalytically inactive kinase mutant (PKR-K296R) (Ortega et al., 1996; Thomis and Samuel, 1995), indicating that PKR autophosphoryla-
tion occurs in an intermolecular fashion. Trans-intradimer autophosphorylation is not likely, given the back-to-back orientation of the PKR
dimer. Trans-interdimer autophosphorylation (i.e., dimers on dimers) is feasible and thus is the most likely mechanism of PKR autophosphory-
lation. (3) Autophosphorylation of PKR on Thr446 enhances PKR catalytic activity and is required for the specific recognition of eIF2α (green).autophosphorylation, which in turn stabilizes dimer-
ization.
We conclude that PKR activation-segment phos-
phorylation on Thr446 is critical for general activation
of PKR catalytic efficiency, for stabilization of the PKR-
KD dimer, and for eIF2α/K3L-specific substrate/pseu-
dosubstrate recognition. A possible explanation for this
complex interplay between dimerization, Thr446 activa-
tion-loop phosphorylation, catalytic activation, and spe-
cific eIF2α substrate recognition is provided by the
crystal structure of the PKR•eIF2α complex (see Figure
7B in Dar et al., 2005). While dimerization and eIF2α
binding occur on opposite ends of the protein kinase,
the two are intimately linked by the central location of
the activation segment. In addition, both the activation
segment and the dimerization interface influence cata-
lytic elements within the KD active site.
eIF2 Specificity Determinants Map to PKR Helix G
Previous mutational studies mapped residues critical
for PKR interaction to a conserved and common sur-
face of eIF2α and K3L (Dar and Sicheri, 2002; Dey et
al., 2005; Kawagishi-Kobayashi et al., 1997). In the
PKR•eIF2α structure, this surface of eIF2α directly in-
teracts with PKR helix αG (Figure 6A and Dar et al.,
2005). Consistent with these structural observations,
our analysis of the PKR-KD identified mutations at con-
served residues Thr487 and Phe495 in helix αG that
specifically impaired eIF2α, but not histone, phosphor-
ylation. These results are consistent with the notion thathistones only engage the phosphoacceptor binding
site in PKR in the immediate vicinity of the active site,
whereas eIF2α recognition involves bipartite interac-
tions with both helix αG and the phosphoacceptor
binding site. Thr487 is at the center of the eIF2α-spe-
cific binding site, which would account for the potent
loss of eIF2α phosphorylation resulting from its muta-
tion. In contrast, Phe495 does not contact eIF2α di-
rectly but instead lies at the interface between helix αG
and the bulk of the kinase domain. Interestingly, helix
αG adopts a novel position in PKR relative to other pro-
tein kinases, and this appears to contribute to eIF2α
binding specificity (see Figure 4A in Dar et al., 2005).
We posit that the PKR-F495P mutation may disrupt the
integrity of helix αG or the position of helix αG relative
to the kinase and hence would disrupt eIF2α binding in-
directly.
Finally, mutations in helix αG of GCN2, like the PKR
Thr487 mutations, specifically impaired eIF2α phos-
phorylation (Figures 5E and 5F). By extension, we pro-
pose that eIF2α recognition by PERK and HRI is likely
also dependent on critical contacts with helix αG and
the precise orientation of helix αG. The PKR-T487D mu-
tant that is specifically defective for eIF2α phosphoryla-
tion but retains general kinase activity may be a useful
tool to examine the role of PKR in cellular signaling
pathways and identify alternate substrates. Comparing
the phenotypes of pkr−/− and PKR-T487D knockin cells
may help reveal roles for PKR that are independent of
eIF2α phosphorylation. As all four eIF2α kinases dimer-
Cell
912ize and autophosphorylate on a conserved Thr in the
kinase activation segment, we propose that the PKR
activation mechanism delineated in this manuscript
linking kinase-domain dimerization and autophosphor-
ylation with specific substrate recognition is likely con-
served among all members of the eIF2α kinase family.
Experimental Procedures
Yeast Strains
Yeast strains H1894 (MATa ura3-52 leu2-3 leu2-112 trp1-63 gcn2D)
(Kawagishi-Kobayashi et al., 1997), J80 (MATa ura3-52 leu2-3 leu2-
112 trp1-63 gcn2D sui2D p[SUI2, LEU2]) and J82 (MATa ura3-52
leu2-3 leu2-112 trp1-63 gcn2D sui2D p[SUI2-S51A, LEU2]) (Ung et
al., 2001), and H17 (Mata gcn3-102 leu2-3 leu2-112 ura3-52) (Hara-
shima et al., 1987) were described previously. Chromosomal SUI2
encoding yeast eIF2α in strain H2557 (MATa ura3-52 leu2-3 leu2-
112 gcn2D) was replaced with SUI2-S51A to generate strain J223.
Strain Y190 (MATa leu2-3 leu2-112 ura3-52 trp1-D901 his3-200
ade2-101 gal4-D gal80-D URA3::GAL1-lacZ LYS2::GAL1-HIS3) was
used for two-hybrid analyses.
Plasmids, Mutagenesis, and Screens
See Supplemental Data.
Immunoblot Analysis of Protein Expression
and Phosphorylation in Yeast
Transformants of strain H17 expressing PKR under control of the
GAL-CYC1 hybrid promoter were grown in SC-Ura (synthetic mini-
mal medium with all amino acids, 2% glucose) medium overnight
to saturation, diluted in fresh medium to OD600 w 0.1, and grown
to OD600 w 0.6. Cells were harvested and transferred to SGal-Ura
(SC-Ura except 10% galactose) medium for 2 hr to induce PKR
expression. Transformants of H1894 expressing wt or mutant forms
of GCN2 were grown in SC-Ura-His medium overnight to satura-
tion, diluted in fresh medium to OD600 w 0.1, and grown to OD600
w 0.6. Then, 3-AT was added to 30 mM, and cells were harvested
after 1 hr. Whole-cell extracts (WCEs) (4–5 g) were resolved by
SDS-PAGE and subjected to immunoblot analysis using antibodies
specific for phospho-Ser51 on eIF2α (BioSource International or
Cell Signaling), antibodies specific for phospho-Thr446 on PKR
(Cell Signaling), polyclonal anti-yeast eIF2α antiserum, or monoclo-
nal antibodies against an N-terminal epitope in human PKR (lot 71/
10, RiboGene). To detect GCN2 expression, WCEs (25 g) were
resolved by SDS-PAGE and subjected to immunoblot analysis
using polyclonal antiserum against the N terminus of GCN2 (Ro-
mano et al., 1998).
PKR and GCN2 In Vitro Kinase Assays
GST-eIF2α and His6-eIF2α1–200 were expressed in E. coli strain
BL21(DE3) and purified using glutathione Sepharose 4B and Ni-
silica resin, respectively, using the manufacturers’ protocols. Flag-
and His6-tagged PKR derivatives were purified from yeast as
described previously (Krishnamoorthy et al., 2001). Flag- and His6-
tagged GCN2 derivatives were partially purified by immunoprecipi-
tation using anti-Flag M2 agarose as described previously (Dong et
al., 2000). Phosphorylation of eIF2α by PKR or GCN2 was per-
formed in kinase buffer (20 mM Tris-HCl [pH 8.0], 50 mM KCl, 25
mM MgCl2, and 1 M PMSF) with 10 Ci of [γ-33P]ATP. Reactions
were quenched after 20 min by addition of 2× SDS dye, products
were separated by SDS-PAGE and stained with Coomassie blue,
and the dried gel was subjected to autoradiography.
Recombinant histone 2A (H2A, Calbiochem) or 12-mer peptides
Pept-S51 (ILLSELSRRRIR) and Pept-S51A (ILLSELARRRIR) were
incubated with PKR and 10 Ci [γ-33P]ATP in kinase buffer. Reac-
tions were stopped after 20 min by addition of 2× SDS dye and
products were separated by SDS-PAGE on 4%–20% Tris-glycine
gels (H2A phosphorylation) or 10%–20% Tricin peptide gels (pep-
tide phosphorylation). Gels were stained with Coomassie blue,
dried, and then subjected to autoradiography. Incorporation of
phosphate into H2A or peptides was determined using a phos-

































































quilibrium sedimentation was performed with a Beckman Optima
L-A ultracentrifuge and An60Ti rotor. PKR-KD (PKR258–551-13-
412N-C551A [Dar et al., 2005]) samples were prepared in 150 mM
aCl, 10 mM HEPES (pH 7.5), 3 mM DTT for analysis, and data for
0 M, 15 M, and 7.5 M PKR solutions were collected at 4°C
t speeds of 16,000, 19,000, and 22,000 rpm after 24 hr. Protein
oncentrations were determined by UV spectrometry at 280 nm
sing a molar extinction coefficient ( = 27,310 M−1cm−1; A280nm
.1% = 0.836). Fitting to association models and Kd dimerization
ere determined using Origin software (Beckman).
tructural Models and Figures
tructural models were generated using the coordinates of the
KR•eIF2α complex (Dar et al., 2005) using PyMOL software (De-
ano, 2004).
upplemental Data
upplemental Data include Supplemental Experimental Pro-
edures, Supplemental References, and nine figures and can be
ound with this article online at http://www.cell.com/cgi/content/
ull/122/6/901/DC1/.
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